A total of 22 species of the order Mycoplasmatales, representing eight serologically distinct groups, were tested for the presence of the first two enzymes of the arginine dihydrolase pathway by using two-dimensional thin-layer chromatography to separate end products. Both citrulline, produced by arginine deiminase, and ornithine, produced by ornithine carbamoyltransferase, were found in the glycolytic serogroup 1 species Mycoplasmu putrefaciens, Mycoplasma capricolum, and Mycoplasma sp. bovine group 7, in Mycoplasma fermentans (serogroup 6), and in the nonferrnentative serogroup 7 species Mycoplasma arginini, Mycoplasma hominis, Mycophsma gallinarum, Mycoplasma gateae, Mycoplasma salivarium, Mycoplasma orale, and Mycoplasma buccale. Citrulline alone was found in one glycolytic species, Mycoplasma gallisepticum (serogroup 4). No end products were found in six other fermentative Mycoplasma species, in three Acholeplasma species, or in two Ureaplasma urealyticum serovars. The use of radiolabeled substrate with representative species showed that citrulline and ornithine were produced from arginine and not derived from the medium.
The genus Mycoplasma is taxonomically unusual in that, unlike most bacterial genera (23), it includes both fermentative and nonfermentative species (19) . Most Mycoplasma species which do not ferment glucose reportedly metabolize arginine via the arginine dihydrolase pathway (6). A few species metabolize both glucose and arginine, while even fewer seem to use neither substrate (4, 19) . The microbial arginine dihydrolase pathway involves three enzyme reactions; arginine is converted into citrulline and ammonia by arginine deiminase, and this is followed by conversion of citrulline plus phosphate ion into ornithine and carbamyl phosphate by catabolic ornithine carbamolytransferase. Finally, a phosphate group is transferred from carbamyl phosphate to adenosine diphosphate (to form adenosine triphosphate) with the concomitant release of carbon dioxide and almmonia by carbamate kinase (1). The arginine dihydrolase pathway is usually detected by observation of an alkaline shift in the pH of medium containing added arginine (2, 4). This elevation of the pH is caused by the release of 2 mol of WH3 when 1 mol of arginine is converted via citrulline to ornithine, NH3, and COZ. In species which use both glucose and arginine, such as Mycoplasma fermentans (9, the pH change is unpredictable because of competition between acid production from sugar fermentation and NH3 release from arginine (2). Therefore, specific detection of the reaction products, citrulline and ornithine, may be necessary to show that the arginine dihydrolase pathway is present. Detection of citrulline is especially important, because the production of citrulline from arginine is unique to the arginine dihydrolase pathway, whereas ornithine may arise from arginine by other pathways, including the arginase and arginine transamidinase pathways (1). Both arginine deiminase and ornithine carbamoyltransferase activities have been documented for a few arginine-utilizing Mycoplasma species (6), but current procedures require separate tests for each enzyme or end product (6, 20).
In this study, we sought to determine whether the arginine dihydrolase pathway was confined to the "arginine utilizers" or whether it was also present in glycolytic species but its detection was obfuscated (as with M . fermentans) by carbohydrate fermentation. We detected production of both citrulline and ornithine by incubating organisms in argininesupplemented medium and separating the fluorescent dansyl derivatives of the end products by two-dimensional thinlayer chromatography (TLC) on polyamide sheets. Enzymatic activity was documented for selected species by using radiolabeled substrates. We investigated a representative selection of the Mycoplasmataceae, including 11 fermentative and 7 nonfermentative Mycoplasma species and two Ureaplasma urealyticum serovars. Three Acholeplasma species were also tested.
MATERIALS AND METHODS

Preparation of organisms.
We studied 26 strains, representing not only 22 species in the Mycoplasmatales but also eight serological clusters as defined by Kenny (13, 14) (Table 1) . The organisms were grown. in dialysate broth (12) supplemented with "agamma" horse serum under the conditions described by Sjostrom and Kenny (22) in volumes of 1 to 4 liters. Cells were harvested in late log phase (growth to a moderate culture haze in most species) by centrifugation for 30 min at 10,000 X g , washed three times in 0.15 M NaCl saline and suspended to visual homogeneity by Vortex agitation in saline (total volume, 0.5 to 1.0 ml). The protein concentrations of the suspensions were approximately 10 mg of protein per ml, as determined by the method of Lowry et al. (17) . Suspensions of the organisms were used immediately to test for arginine dihydrolase activities. Mycoplasma hominis, M . fermentans, and Mycoplasma capricolum also were tested after sonication for 60 s and after storage at -70°C for 30 days. Species negative for the arginine dihydrolase activity were tested twice, while species that yielded positive results in apparent conflict with previously published data were grown and tested at least three times to confirm enzyme activity and were tested by double immunodiffusion to confirm their identity (15) .
Production of citrulline and ornithine by the arginine dihydrolase pathway. Induction media were prepared as ' Un, Ungrouped (not comDared serologically with other species).
described by Chen et al. (7) . Peptone-starch-dextrose broth (8) supplemented with 0.1% arginine hydrochloride was used to test for arginine deiminase and ornithine carbamoyltransferase activities. Peptone-starch-dextrose broth supplemented with 0.1% citrulline was used to test specifically for ornithine carbamolytransferase; 50 pl of a cell suspension was added to 150 pl of each test medium, and the preparations were incubated at 37°C for 2 h (except for Mycoplasma pneumoniae, which was incubated for as long as 12 h because of its slow metabolism). Samples of the incubated reaction mixtures were either used immediately for dansylation or frozen at -70°C and thawed for later analysis. Separation and identification of dansylated products. After incubation, tubes were centrifuged at room temperature for 60 s in an Eppendorf model 5414 microcentrifuge. A 10-p1 portion of each supernatant was mixed with 40 pl of 1 M NaHC03 and 50 pl of a dansyl chloride solution (5 mg/ml of acetone), and the preparation incubated at 37°C for 1 h. The resulting dansylated samples were then microcentrifuged for 1 min, and 4 pl of each supernatant was applied to a corner of a Chen-Chin polyamide sheet (15 by 15 cm; Accurate Chemical and Scientific Corp., Hicksville, N.Y.) for separation by two-dimensional TLC. The dansylated amino acids were separated in the first dimension by water-formic acid (100:1.5) and in the second dimension by benzene-glacial acetic acid (9:l) (7). Ornithine was separated clearly by the two solvent systems, but identification of citrulline required further separation in the second dimension by a third solvent system, benzene-pyridine-glacial acetic acid (15:4:1) (7). The running time for each solvent system was 45 to 55 min. The mobilities and locations on the polyamide sheets of the dansyl derivatives of citrulline, ornithine, and other amino acids were determined as previously described (7, 8) .
Isotopic studies. A 5-kl portion of uniformly labeled [14C]arginine (specific activity, 332.0 mCi/mmol) or [14C]ornithine (specific activity, 266.0 mCi/mmol; New England Nuclear Corp., Boston, Mass.) was dried under a vacuum and solubilized in 15 p1 of peptone-starch-dextrose broth, and the pH was adjusted to 5.6. A 5-pl portion of a suspension of organisms was added to the tube, and the preparation was incubated as described above. A control medium containing labeled arginine (or ornithine) without organisms was processed simultaneously. The supernatants containing radiolabeled compounds were dansylated and the components were separated by TLC. The polyamide sheets were then autoradiographed by using Kodak X-Omat AR film for 5 days at -70°C. dihydrolase pathway was present in that species. Usually, both end products were observed when supernatant from an enzyme-positive organism was separated by using the three solvent systems, but occasionally citrulline was not detected. Since arginase and arginine transamidinase also produce ornithine from arginine (l), induction medium supplemented with citrulline was used to test specifically for production of ornithine by ornithine carbamoyltransferase. Arginine medium incubated without organisms as a control (Fig. 1A and A' ) contained arginine, but neither citrulline nor ornithine was present, demonstrating the stability of the substrate during incubation. However, when arginine medium was incubated with M . hominis (serogroup 7), the arginine nearly disappeared, while citrulline and ornithine appeared (Fig. 1B and B' ), thus indicating the presence of arginine deiminase and ornithine carbamoyltransferase activities. After separation of the dansylated components by the first two solvent systems (water-formic acid and benzene-acetic acid), citrulline was clustered with several other amino acids (Fig. lB) , but after separation by third solvent system (benzene-pyridine-acetic acid) citrulline was easily detected (Fig. 1B') . Citrulline medium incubated without organisms contained citrulline but not ornithine (Fig. lC) , whereas the same medium incubated with M . hominis contained ornithine (Fig. lD) , indicating that there was ornithine carbamoyltransferase activity and thus confirming that arginine was metabolized via the arginine dihydrolase pathway in M . hominis. Since some Mycoplasma species have been reported to be impermeable to citrulline (24), M . capricolum (serogroup l), M . fermentans (serogroup 6), and M . hominis (serogroup 7) were sonicated and incubated as described above, and the results were identical to those obtained by using fresh samples. The harvesting and dansylation procedures may have disrupted some of the cells, thus allowing contact of enzyme and substrate. Test results were the same for fresh samples and samples which had been frozen for 1 month, indicating that the enzyme activities were stable during short-term storage at -70°C.
RESULTS
Dansylated
Thus, citrulline and ornithine were detected in 13 of the 21 Mycoplasma strains examined (18 species) (Table l) documented for this species. No evidence of arginine catabolism was found for the Acholeplasma species tested (serogroup 2), for Mycoplasma bovigenitalium (serogroup 3), for M. pneumoniae (serogroup 5 ) , for four serogroup 6 species (Mycoplasma synoviae, Mycoplasma hyorhinis, Mycoplasma canis, and Mycoplasma felis, or for the U . urealyticum serovars tested.
Isotopic labeling. To confirm that the citrulline and ornithine detected in the dansylated profiles were produced enzymatically and not derived from the growth or test medium, representative species from each serogroup that was positive for arginine dihydrolase activity were incubated with [14C]arginine-supplemented medium. Autoradiography of control medium containing radiolabeled arginine incubated without organisms showed that labeled substrate was present but there were no breakdown products ( Fig. 2A) . When the same medium was incubated with M. hominis (serogroup 7), autoradiography revealed that radiolabeled arginine, citrulline, and ornithine were present (Fig. 2B) . The TLC of profile of Mycoplasma putrefaciens (serogroup 1) also showed that radiolabeled arginine, citrulline, and ornithine were present (Fig. 2C) , while M . gallisepticum (serogroup 4 ) produced citrulline, but not ornithine, from arginine ( Fig. 20) . Separation of supernatant components by using the third solvent system showed that the radiolabeled citrulline comigrated with dansylated citrulline. When incubated with radiolabeled ornithine in medium lacking arginine, none of these organisms produced a significant amount of radiolabeled citrulline (data not shown). These results are in accord with the dansylation data, suggesting that the entire arginine dihydrolase pathway is present in Mycoplasma species belonging to serogroups 1 and 7 and M. fermentans, while M . gallisepticum has only arginine deiminase.
DISCUSSION
The presence of the arginine dihydrolase pathway in the order Mycoplasmatules is considered to be confined primarily to the so-called arginine utilizers, a collection of Mycoplasma species which do not ferment glucose. We studied 22 species in the My coplasmatales (representing eight serological clusters). The arginine dihydrolase pathway, as characterized by the end products citrulline and ornithine, was found not only in the previously recognized arginine-utilizing Mycoplasma species (represented here by serogroup 7), but also in certain glycolytic species previously categorized as negative for arginine use (19) .
Of the 12 glycolytic Mycoplasma species tested, 5 produced citrulline, and four of these also produced ornithine. Two strains of M . gallisepticum produced citrulline but not ornithine from arginine, suggesting the presence of a truncated pathway consisting of arginine deiminase alone, a new finding. M. fermentans, which has previously demonstrated both glycolytic and arginine-utilizing capabilities (2, 6), showed both arginine deiminase and ornithine carbamoyltransferase activities, thus serving as a positive control in our investigation. All serogroup 1 species tested, including M. putrefaciens, M. capricolum, and Mycoplasma sp. bovine group 7, produced both citrulline and ornithine, indicating the presence of the entire arginine dihydrolase pathway. These findings are significant in that two of these species, M. putrefaciens and Mycoplasma sp. bovine group 7, have not been reported to use arginine, while a third, M. capricolum, has been reported as variable (4, 6, 19, 24) . Furthermore, M . putrefaciens, M . capricolum, and Mycoplasma sp. bovine group 7 (serogroup 1) have been shown to share antigens with each other (13, 14, 22) and with Mycoplasma mycoides (13, 14, 19) , the prototypic Myco-plasma species (which cannot be cultivated in the United States and hence was not represented in our survey.) However, the fact that a species utilizes both arginine and glucose does not necessarily mean that it is a member of serogroup 1, as M. fermentans is phenotypically identical in this respect although it is antigenically unrelated to serogroup 1 (13, 14) .
Serological studies have shown that the nonglycolytic, arginine-utilizing Mycoplasma species are antigenically related and comprise an informal subgroup (serogroup 7) within the genus Mycoplasma (13, 14) . The presence of the arginine dihydrolase pathway is also a characteristic that is assumed to be held in common among these species. Nine representative serogroup 7 Mycoplasma strains had both arginine deiminase and ornithine carbamoyltransferase activities, suggesting that all of these organisms have the entire arginine dihydrolase pathway.
In this study, all Mycoplasma species which metabolized arginine produced citrulline. We demonstrated that this citrulline arose from arginine and not from ornithine via a reversible ornithine carbamoyltransferase, a finding in accord with previously published data showing that there is a single catabolic enzyme in Mycoplasma species (1, 20) . Therefore, our results show that the arginine dihydrolase pathway is the common enzyme system for arginine catabolism in arginine-utilizing Mycoplasma species. Although the coexistence of arginase or ornithine transamidinase or both cannot be ruled out by our method (as ornithine is also a product of these pathways), the apparent activities of the arginine dihydrolase pathway enzymes are sufficient to account for the observed ornithine production. Our results also suggest that another entire cluster of serologically related species (represented in this study by serogroup 1) have a fully functioning arginine dihydrolase pathway, the detection of which has been obscured by acid-producing glycolysis. Our failure to find the end products of the arginine dihydrolase pathway in other glycolytic species may have resulted from culture conditions which did not allow the enzyme activity to be expressed. Arginine dihydrolase activity appears to be inducible in part in M. hominis (11). It is clear from our results that current methods detect arginine utilization with difficulty in glycolytic species and appear to be unable to detect arginine utilization in organisms with truncated pathways, such as M . gallisepticum, because an alkaline pH shift does not occur if only arginine deiminase is operating in the pathway. Either the dansylation methods or the radiolabeling methods described here should be adequate to detect products of the arginine dihydrolase pathway in glycolytic Mycoplasma species grown in conventional culture medium, even species with a truncated pathway.
Certain arginine-utilizing Mycoplasma species have been reported to have arginine aminopeptidase activity (3); thus, these organisms presumably release arginine from peptides present in complex media. Arginine from this source could confound the results of tests based on the disappearance of arginine, or arginine, citrulline, or ornithine might appear in media initially considered to be free of arginine. The use of radiolabeled substrates as described above should provide specific proof of the presence of the arginine dihydrolase pathway, even in those species having arginine aminopeptidase activity.
